iron homeostasis, in the phenotypic resistance of Escherichia coli to various classes 23 of antibiotics. We found that RyhB induces resistance to gentamicin, an 24 aminoglycoside that targets the ribosome, when iron is scarce. RyhB induced 25 resistance is due to the inhibition of respiratory complexes Nuo and Sdh activities.
26
These complexes, which contain numerous Fe-S clusters, are crucial for generating a The emergence and spread of bacterial multi-resistance to antibiotics has 50 become a major health issue in the last decades, urging for the development of new 51 anti-bacterial molecules and for a better understanding of the molecular mechanisms 52 at work behind bacterial resistance (1,2). While acquired resistance mechanisms 53 (acquisition of genes or mutations that confer resistance) have long been the main 54 focus of attention, less is known about "phenotypic" resistance, which is the process 55 in which a bacterial population becomes transiently resistant to an antibiotic without 56 requiring a genetic change (3) (4) (5) . For instance, this kind of resistance has been 57 associated with specific processes such as stationary growth phase, persistence and 58 metabolic changes, reinforcing the idea that the environment encountered by the 59 pathogen is a key determinant for antibiotic susceptibility (6).
60
Change in utilization of iron-sulfur (Fe-S) cluster biogenesis machineries in
61
Escherichia coli gives a striking example of phenotypic resistance (7). Fe-S clusters 62 are ubiquitous and ancient cofactors used in a plethora of biological processes, such 63 as metabolism and respiration (8, 9) . In E. coli, Fe-S clusters are formed and brought 64 to target proteins thanks to two dedicated biogenesis systems: the so called 65 "housekeeping" Isc machinery, which homologs are found in mitochondria of 66 eukaryotic organisms, and the stress-responsive Suf system, in which homologs are 67 found in chloroplasts of plants (10, 11) . These systems are responsible for the 68 maturation of more than 150 Fe-S cluster containing proteins in E. coli, notably 69 numerous proteins contained in the main respiratory complexes I (Nuo) and II (Sdh)
70
(12-14). Strikingly, it was shown that impairment of the E. coli Isc machinery 71 5 enhances resistance to aminoglycosides, a well-known class of antibiotics that target 72 the ribosome (7). This resistance is due to a deficiency in the maturation of the 73 respiratory complexes in isc mutants, which in turn leads to a decrease in the proton 74 motive force (pmf) that is essential for aminoglycosides uptake (15) lactams (ampicillin), fluoroquinolones (norfloxacin), and tetracycline.
118
As expected, both WT and ryhB mutant cells were sensitive to the presence of 119 all classes of antibiotics when grown in medium not starved for iron (Fig. 1A to D, left 120 panels). Iron chelation did not protect cells against tetracycline (Fig. 1C) . In contrast, 121 adding DIP to the medium induced a protective effect on the WT and ryhB mutant 122 strains for ampicillin and norfloxacin (Fig. 1A-B) . The protective effect of iron 123 deprivation for these antibiotics has already been observed and its underlying cause 124 has been greatly debated (7, 24, 27, 28) . As cells were protected independently of 125 ryhB, we did not pursue these antibiotics further. In contrast, WT cells were protected 126 against gentamicin when DIP was added to the medium, but this protection effect 127 was lost when cells were mutated for ryhB. This result thus suggested that RyhB is (Fig. 1D ).
130
To further investigate this phenotype, we performed gentamicin kinetic killing 131 assays by growing WT or ryhB mutant cells in presence of DIP and counting the 132 number of surviving bacteria at different time intervals after addition of the antibiotic.
133
In this experiment, both the WT and ΔryhB strains showed the same profile when 134 grown in LB (Fig. 1E) . In both cases, the majority of the cells were rapidly killed after (from 6 µg/mL in LB to 10 µg/mL in presence of DIP) ( Figure S1 ). In sharp contrast, 146 the protective effect allowed by DIP was completely lost in the ryhB mutant.
147
Altogether, these results indicated that RyhB is needed for the phenotypic resistance Uptake of gentamicin has been shown to be a crucial step in the phenotypic 152 resistance against this aminoglycoside (7). Entry of aminoglycosides is dependent on 153 the proton motive force (pmf) mainly produced directly by respiratory complex I and 154 indirectly by the respiratory complex II, respectively encoded by the nuo and sdh 155 operon (12, 15, 29) . Thus, one hypothesis was that RyhB induced resistance was due 156 to an inhibitory effect on the activity of these two complexes that would block entry of 157 gentamicin in the cell.
158
To test this hypothesis we repeated the previous killing assays in a strain 159 deleted for both respiratory complexes (Δnuo Δsdh). As expected, this mutant was 160 resistant to gentamicin (Fig. 2 , left panel) (7). Adding DIP to the medium somewhat 161 increased by 1 log the survival of the nuo sdh mutant, suggesting that pmf might be 162 even more decreased in these conditions. Nevertheless, deleting ryhB from this strain 163 did not increase its sensitivity to gentamicin during iron starvation (Fig. 2, right (Fig. 3A) . In contrast, deleting ryhB from the chromosome restored 75% of Nuo 181 activity in presence of DIP. The same pattern was also observed for Sdh activity ( (Fig. 4B ). In addition, the P BAD -nuoA-lacZ activity was decreased by 2-fold when WT 198 11 cells were treated with DIP. This was in sharp contrast with the isogenic ryhB mutant 199 strain for which activity remained the same in presence or absence of DIP (Fig. 4C ).
200
We then tested the biological relevance of the predicted base-pairing by 201 introducing point mutations in the P BAD -nuoA-lacZ chromosomal fusion, giving rise to 202 the nuoA mut -lacZ fusion (G86C and C87G; Fig. 4A ). In contrast to the WT nuoA-lacZ 203 fusion, RyhB overexpression was no longer able to repress activity of the nuoA mut 204 fusion (Fig. 4D ). We then introduced compensatory mutations in the pRyhB plasmid 205 that should restore base-pairing to the mutated, but not to the WT, nuo-lacZ fusion, 206 giving rise to pRyhB mut . As seen in figure 4D , overexpression of RyhB mut failed to fully 207 repress the WT nuo-lacZ fusion, but was able to repress nuoA mut -lacZ fusion.
208
Altogether these results show that RyhB represses nuo expression by base-pairing 209 on the mRNA upstream nuoA.
210
We then evaluated the effect of this repression on protein levels by performing
211
Western blot analyses against NuoG, a protein of the complex. Strikingly, NuoG 212 protein levels decreased steeply, about 3-fold, when the WT strain was grown in 213 presence of DIP (Fig. 4E ). This phenotype was suppressed in the ryhB mutant, 214 confirming the in vivo inhibition of Nuo synthesis by RyhB.
215
As a control and to compare sdh regulation to nuo, we performed a series of 216 similar tests on an sdhC-lacZ fusion. We saw that RyhB overexpression repressed 217 the expression of the fusion by more than 10 fold (Fig. S3A ). In addition, the WT 218 fusion was also strongly inhibited when cells were grown in presence of DIP but not 219 when ryhB was deleted from the chromosome (Fig. S3B ). Identical conclusions were 220 reached from analyzing SdhB protein levels by performing Western blots (Fig. S3C ).
221
These experiments thus confirm the regulation of sdh by RyhB in our conditions. To do so, we measured Nuo and Sdh specific activities in strains deleted for 230 suf or for isc with or without ryhB (Fig. 5 ). In agreement with the literature, Nuo 231 activity was decreased more than 5 fold in an isc mutant where the Suf machinery 232 alone is responsible for Fe-S biogenesis (Fig. 5A) Isc is the only system that allows Fe-S clusters maturation of Nuo complex, 241 regardless of the iron concentration in the medium.
242
The situation was slightly different for Sdh. Deleting isc severely affected 243 activity of Sdh in presence or absence of iron. In sharp contrast to Nuo however, 244 activity of Sdh was not restored when ryhB was deleted from the suf mutant (Fig. 5B) .
245
Further deleting ryhB from this strain marginally restored Sdh activity, indicating that (Fig. 7) . Our model strengthens the role of the pmf-producing respiratory 284 complexes in entry of aminoglycosides. Fe-S biogenesis maturation of the complexes 285 was earlier pointed out as the main factor for resistance (7). By identifying here that 286 the nuo mRNA is targeted by RyhB in addition to sdh, we show that synthesis of the 287 respiratory complexes is also key in this process. nuo mRNA is very long (about 15 kb) and comprises 14 genes, which makes it one of 297 the longest mRNAs regulated by a sRNA to our knowledge. Importantly, in addition to 298 the effects seen on nuoA by our beta-galactosidase assays (Fig. 4) , we could also 299 observe by Western blots RyhB repression on NuoG level (Fig. 4E) However, both protein levels and activity of Nuo are restored in a ryhB mutant in iron-308 deprived medium indicating that maturation of respiratory complex I is possible under 309 these conditions. These results strongly suggest that RyhB inhibits synthesis of Nuo
310
Sdh not because they cannot be matured, but rather to preclude respiratory 311 complexes to divert iron from other essential processes.
312
By repressing the iscSUA mRNA expression, RyhB also inhibits indirectly the 313 maturation of Nuo (Fig. 3A and Fig. 5A ). In contrast, maturation of Sdh was only 314 partially restored in the ryhB mutant in presence of DIP (Fig. 3B) and, perhaps more 315 surprisingly, this activity did not seem to be dependent on Isc but rather on Suf (Fig. 316 5B). More investigation is needed to understand the molecular basis for the 317 difference in between Isc and Suf substrates preference. In any case, our results also 318 clearly show that Nuo activity is more important than that of Sdh in installing a 319 phenotypic resistance to gentamicin (Fig. S2) for moving marked mutation as described previously in (49). The plac and pRyhB 371 plasmids used in this study are described and have been transformed as previously 372 described in (50). All oligonucleotides used are listed in Table S2 . 
Minimum inhibitory concentration (MIC) determination

385
The MIC were determined as previously described (51 
446
For Sdh activity determination, lysate samples from French press were pellet 447 by centrifugation (11 000 G, 10 min at 4 °C) and the supernatant was used for 
456
The specific activities were calculated by measuring the Vmax divided by the 457 protein concentration in total extracts evaluated by absorbance at 280 nm. with Pierce ECL Western blotting system on an ImageQuant LAS 4000 camera. Figure S1 . RyhB increases the resistance to gentamicin during iron starvation.
696
The WT and the ∆ryhB mutant MIC were determined by growing cells in medium 697 containing various concentrations of gentamicin and the iron chelator DIP (250 µM).
698
The MIC was defined as the lowest drug concentration that exhibited complete Table S2 . Oligonucleotides used in this study. B. 
